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1

OPTICAL PUMPING MAGNETOMETER AND
MAGNETIC SENSING METHOD

BACKGROUND

1. Field

The present subject matter relates to an optical pumping
magnetometer and a magnetic sensing method.

2. Description of Related Art

As highly sensitive magnetic detection methods, optical
pumping magnetometers have been proposed which use elec-
tron spin of alkali metal vapor.

Applied Physics B has disclosed an optical pumping mag-
netometer for detecting a magnetic field with the use of varia-
tion in Larmor frequency in a glass cell containing cesium.

In this optical pumping magnetometer, the electron spin
motion of cesium vapor 1s caused by the oscillating magnetic
field applied from an excitation coil, and changes the absorp-
tion of laser light passing depending on the orientation of spin
polarization. The intensity of the transmitted laser light 1s
detected by a photo-detector to obtain a signal that changes at
the same frequency as the oscillating magnetic field. Atten-
tion 1s focused on the phase difference between the signal
from the photo-detector and an electrical signal supplied to
the excitation coil 1 order to generate the oscillating mag-
netic field to read the vanation 1n Larmor frequency, and
measure a magnetic field generated from an object to be
measured.

In the optical pumping magnetometer of the conventional
example described above, the transverse relaxation time T2 of
the electron spin of the alkali metal vapor 1s a proportionality
coellicient between the phase difference and the variation 1n
Larmor frequency, and the response of the magnetometer
with respect to the magnetic field generated from the object to
be measured 1s thus improved as the transverse relaxation
time 1s longer.

However, the conventional example has a problem that the
response of the magnetometer 1s not improved even when the
transverse relaxation time 1s increased 1n the case of measur-
ing a variable magnetic field with a shorter variation period of
the magnetic field generated from the object to be measured,
as compared with the transverse relaxation time of the elec-
tron spin of the alkali metal vapor.

SUMMARY

An object of the present subject matter 1s, 1n view of the
problem described above, to provide an optical pumping
magneto meter and a magnetic sensing method which make 1t
possible to improve the response of the magnetometer with
respect to a magnetic field that varies with a period shorter
than the transverse relaxation time of electron spin of an alkali
metal atom and make highly sensitive measurements of mag-
netic signals when the magnetic field 1s measured with varia-
tion in Larmor frequency.

The optical pumping magnetometer according to the
present subject matter 1s an optical pumping magnetometer
for measuring a magnetic field with variation in Larmor fre-
quency, which includes:

a unmt configured to 1rradiate a cell with circularly polarized
pumping light, to produce the cell containing alkali metal
atoms and spin polarization of the alkali metal atoms in the
cell;

a unmt configured to emit linearly polarized probe light for
reading spin of the alkali metal atoms;
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a probe light detection system configured to detect a rota-
tional displacement of a plane of polarization of the linearly
polarized probe light;

a static magnetic field application coil configured to apply
a static magnetic field to the alkali metal atoms;

an oscillating magnetic field application coil configured to
applying an oscillating magnetic field for causing a rotational
motion around the spin of the alkali metal atoms; and

a umt configured to detect information including a phase
difference between an output signal from the probe light
detection system and a driving current input into the oscillat-
ing magnetic field application coil,

wherein detuning as a difference between Larmor fre-
quency determined from the static magnetic field and a fre-
quency of the driving current input 1nto the oscillating mag-
netic field application coil 1s configured to be set within a
predetermined range with respect to a measured magnetic
field by adjusting the static magnetic field or the oscillating
magnetic field, so as to improve response of the optical pump-
ing magnetometer.

Furthermore, the magnetic sensing method according to
the present subject matter 1s a magnetic sensing method for
measuring a magnetic field with variation in Larmor 1fre-
quency, which includes:

carrying out circularly polarized optical pumping for pro-
ducing a cell containing alkali metal atoms and spin polariza-
tion of the alkali metal atoms 1n the cell;

reading spin of the alkali metal atoms;

applying a static magnetic field to the alkali metal atoms;

applying an oscillating magnetic field for causing a rota-
tional motion of the spin of the alkali metal atoms around the
static magnetic field;

detecting information including a phase difference
between an output signal obtained in the step of reading the
spin of the alkali metal atoms and an 1nput signal for gener-
ating the oscillating magnetic field 1n the step of applying
oscillating magnetic field; and

setting detuning as a difference between a Larmor 1ire-
quency determined from the static magnetic field and a fre-
quency of a driving current mput mnto a coil to which the
oscillating magnetic field 1s applied, within a predetermined
range with respect to a measured magnetic field by adjusting
the static magnetic field or the oscillating magnetic field, so as
to improve response of the optical pumping magnetometer.

Furthermore, a program according to the present subject
matter causes a computer to execute the magnetic sensing
method described above.

Furthermore, a storage medium according to the present
subject matter 1s readable by the computer with the above
described program stored therein.

Further features of the present subject matter will become
apparent {rom the following description of example embodi-
ments (with reference to the attached drawings).

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 1s a diagram 1llustrating a configuration example of
an optical pumping magnetometer according to example
embodiment 1;

FIG. 2 1s a graph showing the relation between detuning
and the phase difference between a rotational displacement of
a plane of linearly polarized light produced when probe laser
light passes through a glass cell and a oscillating magnetic
field applied from an excitation coil, according to example
embodiment 1;
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FIG. 3 1s a graph showing results obtained from experi-
ments on the frequency of a measured magnetic field and the
response of an optical pumping magnetometer, according to
example embodiment 1;

FIG. 4 1s a graph showing results obtained by experiments
on the response of an optical pumping magnetometer and
detuning of an oscillating magnetic field from a Larmor fre-
quency, according to example embodiment 1;

FI1G. 5 1s a graph showing the relation between the response
of an optical pumping magnetometer and the frequency of a
measured magnetic field 1n a detuned oscillating magnetic
field, according to example embodiment 1;

FI1G. 6 1s a graph showing the relation between the response
of an optical pumping magnetometer and the frequency of a
measured magnetic field, including a case of detuning an
oscillating magnetic field by 100 Hz or more, according to
example embodiment 1;

FI1G. 7 1s a diagram 1llustrating a configuration example of
applying an optical pumping magnetometer according to
example embodiment 2 to a biomagnetic measurement;

FIG. 8 1s a diagram 1illustrating a relation of connection
between the configuration of a sensor electric unit and a
magnetic sensor unit according to example embodiment 2;

FI1G. 9 1s a diagram 1llustrating the configuration of a mag-
netic sensor unit according to example embodiment 2; and

FIG. 10 1s a graph showing the relation between the
responses ol magnetometers 1n magnetic sensor units and the

frequency of a weak magnetic field according to example
embodiment 2.

DETAILED DESCRIPTION

Embodiments for carrying out the present subject matter
will be described with reference to the following example
embodiments.

Example Embodiment 1

As example embodiment 1, a configuration example of an
optical pumping magnetometer for measuring a magnetic
field with variation 1n Larmor frequency through the applica-
tion of the present subject matter will be described with
reference to FI1G. 1.

In the present example embodiment, with potassium as an
alkal1 metal atom, optical pumping 1s carried out through the
use of D1 transition of the potassium.

It 15 to be noted that D2 transition of the potassium may be
used for optical pumping.

In addition, the alkali metal atom 1s not limited to potas-
sium, but may be rubidium or cesium.

Potassium atoms, helium as a builer gas for relaxing col-
lisions between the potassium atoms and a glass wall of a
glass cell 22, and nitrogen for quench are enclosed within the
glass cell 22. The butler gas 1s not limited to helium, but may
be neon or argon.

In order to obtain a suflicient amount of potassium metal
vapor 1n the glass cell, the glass cell 22 1s heated up to on the
order of 100° C. by a heater 15 that generates heat with an
clectric current supplied from a current source 16.

The glass cell 22 and the heater 15 are 1 an oven 21
composed of a member that has high thermal 1nsulation per-
formance.

The oven 21 1s provided with a window for transmitting
pump laser light and probe laser light.

An optical pumping laser light source 1 emits pump laser
light that 1s linearly polarized light with a wavelength of
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7°70.108 nm 1n vacuum, which 1s a wavelength resonant with
the D1 transition of potassium.

The pump laser light 1s converted by a ¥4 wavelength plate
3 into circularly polarized pumping light, coupled to an opti-
cal fiber 61 via a lens 51, and collimated through a lens 71 to
irradiate the glass cell 22 containing the potassium atoms.

The pump laser light generates spin polarization of the

potassium atoms 1n the glass cell 22. The wavelength of a
probe laser light source 2, which 1s 769.9 nm, 1s shifted to
shorter wavelengths than the resonant wavelength in the D1
transition of potassium.
In addition, the probe laser light source 2 emits probe laser
light (linearly polarized probe light) that 1s linearly polarized
light. The probe laser light passes through a 12 wavelength
plate 4, and couples to an optical fiber 62 via alens 52. The 5
wavelength plate 4 1s provided for adjusting the orientation of
the linearly polarized light of the probe laser light. The probe
laser light propagates through the optical fiber 62, and 1is
collimated through a lens 72 and emaitted.

When the probe laser light passes through the window
provided 1n the oven 21 and passes through the glass cell 22,
the electron spin polarization of spin-polarized potassium
atoms 1n the glass cell 22 produces a Faraday effect to rota-
tionally displace the plane of linearly polarized light of the
probe laser light.

It 1s to be noted that a coi1l 17 (static magnetic field appli-
cation coil) applies a static magnetic field with a uniform
intensity of 1.429 uT to the glass cell 22 parallel to the
traveling direction of the pump laser light, with an electric
current supplied from a current source 18.

Now, the Larmor frequency will be defined which corre-
sponds to the static magnetic field.

The Larmor frequency 1s a frequency 1n precession of spin
polarization placed 1n a static magnetic field with the orien-
tation of the static magnetic field as a rotation axis, which 1s
proportional to the magnitude of the magnetic field.

The Larmor frequency of spin polarization of a potassium
atom 1s 10 kHz with respect to the static magnetic field of
1.429 uT.

However, as in the present example embodiment, in the
optical pumping magnetometer which further applies an
oscillating magnetic field by an excitation coil 19 (oscillating
magnetic field application coil) as described next, the fre-
quency of actual spin precession 1s not the Larmor frequency,
but the same as that of the oscillating magnetic field. It1s to be
noted that the Larmor frequency of electron spin of the potas-
sium atom 1s 10 kHz 1n the present example embodiment, but
not limited thereto.

The excitation co1l 19 applies an oscillating magnetic field
to the glass cell 22 from a direction perpendicular to the paper
in FIG. 1 with respect to the static magnetic field, with a
driving current supplied from a signal generator 20.

The electron spin of the potassium atom in the glass cell 22
has motions at the same frequency as the frequency of the
oscillating magnetic field applied, and the rotation of the
plane of linearly polarized light of the probe laser light thu
varies at the same frequency as the frequency of the oscillat-
ing magnetic field.

The frequency of the oscillating magnetic field applied
from the excitation coil 19 or the frequency of the driving
current supplied from the signal generator 20 will be
described later.

Now, to explain a probe light detection system, a polarizing
beam splitter 8 transmits P-wave polarized light of the probe
laser light having passed through the glass cell 22, and retlects
S-wave polarized light thereof.
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The P-wave polarized light of the probe laser light, which

1s transmitted by the polarizing beam splitter 8, 1s coupled to
an optical fiber 101 via a lens 91, and converted into an
clectrical signal by a photo-detector 111 at the end of the
optical fiber 101.
In addition, the S-wave polarized light of the probe laser
light, which 1s reflected by the polarizing beam splitter 8, 1s
coupled to an optical fiber 102 via a lens 92, and converted
into an electrical signal by a photo-detector 112 at the end of
the optical fiber 102.

The electrical signals from the photo-detector 111 and
photo-detector 112 are differentially amplified by a differen-
tial amplifier 13, and input into a phase detector 23.

In addition, the driving current from the signal generator 20
1s partially branched and input as a voltage into the phase
detector 23.

The phase detector 23 outputs an electrical signal that 1s
proportional to a phase difference between the output of the
differential amplifier 13 and the output of the signal generator
20. Then a personal computer 24 outputs a measured mag-
netic field signal subjected to digital calculation processing,
via an AD converter.

While the output of the electrical signal proportional to the
phase difference from the phase detector 23 1s used 1n the
present example embodiment, the magnetic field can be also
measured by using a 90° phase shiit component of the output
from the differential amplifier 13, with the driving current of
the signal generator 20 as a reference signal.

For example, an output that 1s proportional to a sine com-
ponent may be used 1n a two-phase lock-in amplifier.

It 1s to be noted that the oven 21, the glass cell 22, the heater
15, the lens 71, the lens 72, the polarizing beam splitter 8, the
lens 91, and the lens 92 are fixed on a base 14, and further
adapted so that the optical axes of the probe laser light and
pump laser light are not shifted 1in the movement or convey-
ance of the base 14.

In addition, the optical fiber 61 and the optical fiber 62 may
be polarization maintaining optical fibers for the purpose of
suppressing polarization plane fluctuation of the probe laser
light and pump laser light. In such a case, the pump laser light
1s coupled to the optical fiber 61, collimated through the lens
71, and then with the V4 wavelength plate 3 placed, converted
into circularly polarized light, while the pump laser light
emitted from the optical pumping laser light source 1 1s con-
verted into circularly polarized light with the use of the Y4
wavelength plate 3 in the present example embodiment.

Likewise, the probe laser light 1s coupled to the optical fiber
62, collimated through the lens 72, and then with the 14
wavelength plate 4 placed, subjected to the orientation adjust-
ment of linearly polarized light, while the probe laser light
emitted from the probe laser light source 2 1s subjected to the
orientation adjustment of the linearly polarized light with the
use of the 12 wavelength plate 4.

Next, the relations between the response of the optical
pumping magnetometer according to the present subject mat-
ter and the frequency and T2 of a measured magnetic field will
be described 1n detail, and the effect of improved response
will be then described on the basis of the results of experi-
ments carried out by the mventors.

Here, the difference between the Larmor frequency of the
clectron spin of the potassium atom, which 1s determined
from the static magnetic field, and the frequency of the driv-
ing current of the oscillating magnetic field mput into the
excitation coil 19 (oscillating magnetic field application coil)
1s defined as detuning.

FI1G. 2 shows the relation between detuning and the phase
difference between the rotational displacement of the plane of
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linearly polarized light produced when the probe laser light
passes through the glass cell 22 and the oscillating magnetic
field applied from the excitation coil 19.

The detuning and the phase difference are proportional to
cach other near zero detuning. The rotational displacement of
the plane of linearly polarized light of the probe laser light 1s
caused by the motion of the electron spin of the potassium
atom, and the relation between the detuning and the phase
difference can be thus derived by solving the Bloch equation
for the electron spin of the potasstum atom.

For example, Mx' and My' are used which are solutions of
the Bloch equation mentioned 1n Pulse and Fourier Transform

NMR. Mx'and My' are an x component and a y component of
macroscopic magnetization in an orthogonal coordinate sys-
tem, and Mx'/My' can be approximated as a phase value when
Mx'/My' has a small value.

From the foregoing, the relationship between detuning and
the phase difference 1n the case of the detuning near zero 1s
expressed by a proportional relation as in Formula 1.

dp=T12%(w0-w) Formula 1

[l

where dp 1s a phase difference, w0 1s a Larmor angular fre-
quency of electron spin of a potasstum atom, w 1s an angular
frequency 1n an oscillating magnetic field, and T2 1s trans-
verse relaxation time of the electron spin of the potassium
atom 1n the glass cell 22.

From Formula 1, 1t 1s understood that a larger phase differ-
ence 1s produced with respect to detuning, as 12 increases.

In addition, the Larmor frequency varies depending on the
measured magnetic field applied 1n the direction of applying
the static magnetic field, thereby resulting 1n vanation in
detuning, and the response of the optical pumping magne-
tometer with respect to the measured magnetic field 1s thus
improved as T2 1s longer.

It 1s known that T2 of the electron spin of the potassium
atom 1n the glass cell 22 depends on the size and shape of the
glass cell 22, the intensity of the pump laser light with which
the glass cell 22 1s irradiated, the amount of the buffer gas
enclosed 1n the glass cell 22, the amount of the potassium
atom gas generated by heating the glass cell 22, etc.

FIG. 3 shows results obtained from experiments on the
frequency of the measured magnetic field and the response of
the optical pumping magnetometer.

FIG. 3 shows actual measured results for T2, and two
different measurements were obtained for 12 as a result of
varying the temperature of the glass cell 22 to change the
amount of the potassium atom gas.

In obtaining these measurements, the frequency of the
oscillating magnetic field was 10 kHz with zero detuning with
respect to the Larmor frequency of 10 kHz.

When the response of the optical pumping magnetometer
was compared between T2 values of 3.3 msand 11.9 ms at 3
Hz for the frequency of the measured magnetic field, the
response in the case of T2 o1 11.9 ms was improved about four
times as much as 1n the case of T2 of 3.3 ms.

However, as the frequency of the measured magnetic field
increased, the response ratio of the optical pumping magne-
tometer 1n the case o1 12 of 11.9 ms relative to the case of T2
of 3.3 ms decreased.

In particular, at frequencies of 50 Hz or more, no signifi-
cant improvement 1n response was seen.

In addition, from the plots 1n FIG. 3, the frequency at which
the response of the optical pumping magnetometer becomes
half the response of that in the case of 3 Hz for the frequency
of the measured magnetic field1s 50 Hz in the case o1 T2 013.3

ms, and 20 Hz in the case of T2 of 11.9 ms.
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This can be understood from the relation described 1n the
Journal of the Optical Society America B. The relation
between T2 and a cutolf frequency Ic can be expressed as in
Formula 2.

fe=1/(2n*12) Formula 2

Namely, as T2 1s longer, the cutoil frequency 1s lower, and
the frequency range ol the measured magnetic field 1s nar-
rower 1n which the optical pumping magnetometer achieves
great responses.

Theretfore, 1n a measured magnetic field which varies with

a shorter period with respect (o 12, or at a higher frequency
with respect to the cutoil frequency Ic expressed by Formula
2, the response of the optical pumping magnetometer 1s not
improved even when T2 1s made longer with detuning
remaining zero.

FIG. 4 15 obtained by plotting results obtained by experi-
ments on the response of the optical pumping magnetometer
with respect to detuning 1n the case o1 T2 of 11.9 ms.

It 1s to be noted that while the frequency of the oscillating
magnetic field 1s varied 1n order to show the effect according,
to the present example embodiment 1n FIG. 4, the frequency
of the oscillating magnetic field 1s fixed 1n the case of practice
according to the present example embodiment.

In FIG. 4, the frequencies of the measured magnetic field
are 50 Hz and 100 Hz, which are higher than the cutoif
frequency 13.4 Hz obtained from the (Formula 2) in the case
of T2 0111.9 ms.

When the detuning was increased, the response of the
optical pumping magnetometer was improved to reach a
maximum at 50 Hz and 100 Hz at which the frequency of each
measured magnetic field was coincident with the detuning.

In addition, the response of the optical pumping magne-
tometer was 1mproved up to twice as much as in the case of
zero detuning with respect to the frequency 50 Hz of the
measured magnetic field, and up to four times as much as in
the case of zero detuning with respect to the frequency 100 Hz
of the measured magnetic field.

The fact that response of the optical pumping magnetom-
eter reaches a maximum when the detuning 1s coincident with
the frequency of the measured magnetic field can be also
derived by solving the Bloch equation for the electron spin of
the potasstum atom.

For example, the Bloch equation 1n an orthogonal coordi-
nate system rotating at the angular frequency w 1n the oscil-
lating magnetic field can be expressed 1n a matrix form as 1n
Formula 3, as described in Pulse and Fourier Transform

NMR.

( 0 ) Formula 3
dM [dt =AM + 0
MO/T1 |

where M 1s a three-dimensional vector indicating spin mag-
netization, which has an x component, a y component, and a
z component. MO 1s an equilibrium value of magnetization,
and A 1s an interaction matrix, which can be expressed as 1n
Formula 4.

(—1/7T2 —-dw 0 Formula 4
A=l dw =1/T2 wl
. 0 -wl —-1/T1,
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where dw 1s detuning expressed by an angular frequency, T1
1s longitudinal relaxation time, and w1 1s an angular fre-
quency determined by an itensity H1 of the oscillating mag-
netic field and a gyromagnetic ratio v of the electron spin of
the potassium atom, which can be expressed as in Formula 5.

wl=yH1 Formula 5

The static magnetic field 1s applied 1n the z direction,
whereas the oscillating magnetic field 1s applied in the x
direction. It 1s to be noted that the magnitude of w1 1s on the
order of 0.7 Hz, due to the fact that 1in the optical pumping
magnetometer the intensity of the oscillating magnetic field 1s
on the order 01 0.1 nT, with the magnitude of 7 GHz/T for the
clectron spin of the potassium atom.

Furthermore, the interaction matrix A and the magnetiza-
tion M vary depending on time, due to the measured magnetic
field applied in the direction of the static magnetic field. Here,
the interaction matrix A can be expressed as 1n the following
(Formula 6), with a term Ae(t) dependent on time and a term
A1 independent of time.

A(D)y=Ai+Ae(t) Formula 6

Likewise, the magnetization M can be expressed as in the
following (Formula 7), with a term Me(t) dependent on time
and a term Mi independent of time.

M(B)=Mi+Me(r) Formula 7

Formula 6 and Formula 7 can be substituted into Formula
3 to express the term dependent on time as in Formula 8.

dMe(t)/ di=AiMe(t)+Ae(t)Mi Formula &

When T1 i1s equal to T2, the interaction matrix A has
cigenvalues rl, r2, and r3 as in the following (Formula 9),
where j indicates an 1maginary number.

Formula 9

( —(72)7! “*

—(T2)! = jwl? + dw?)"?

S
|

(T2 !+ jwl? +dw)*

In addition, Me(t) 1s expressed as in Formula 10, with the
use of the eigenvectors L1, L2, and L3 corresponding to the
cigenvalues.

Me(t)=2,_ >Tk(D)Lk Formula 10

Tk(t) 1s a coellicient indicating the magnitude for each
eigenvector component, which 1s a function of time. The

respective components are represented as in Formula 11 waith
k=1, 2, 3, by substituting Formula 10 into Formula 9, and
turther calculating inner products with the eigenvectors L1,

[.2, and L3.

Formula 11

dTk(?) dt=Tk(t)+Lk- (Ae()Mi)

Here, the measured magnetic field 1s regarded as a mag-
netic field in the z direction that oscillates at an angular
frequency wm, with amplitude Hs. Ae(t) can be expressed as
in the following (Formula 12).

Ae(t)=U cos(wmti) Formula 12

U can be expressed as in the following (Formula 13), with
the use of we=yHs.
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(0 —we OO Formula 13
/=lwe 0 0O
0 0 0,

It 1s understood that, the time change Ae(t) of the interac-
tion matrix has elements that are not zero, for the term to
which the static magnetic field in the z direction contributes,
that 1s, elements of the detuning dw among the elements of the
interaction matrix A. Furthermore, with k=1, 2, 3, the follow-
ing (Formula 14) 1s obtained.

LiUMO=Uk Formula 14

Thus, the solution of the differential equation of Formula
11 1s expressed as 1n the following (Formula 15).

1 (O=Exp(rkt) Tk(O0)+ Uk(-rk cos(wmi)+wm sin(wm
O (Fk>+wm?)

Formula 15

From Formula 9 mentioned above, the eigenvalues have
negative real parts, and the first term of Formula 15 1s thus
attenuated with time.

Theretfore, only the second term of Formula 15 1s left as the
influence on the variation i Ae(t), and expressed as 1n the
tollowing (Formula 16).

Me($)==,_,> Uk cos(wmit+dk)/ (rk>+wm*) " Formula 16

where d1, d2, and d3 are phases, which are determined by the
eigenvalues rl, r2, and r3 and the angular frequency wm. The
eigenvalues rl, r2, and r3 of the interaction matrix A are
substituted into Formula 16, and w1 on the order of 0.7 Hz 1s
ignored with respect to dw, thereby providing the following

(Formula 17).

Formula 17

Me(r) = Ulcos(wmi + d L1/ ((T2)% + wm® + wm®) +
Uk[cos(wmr + d'k)cosh(d” k) + jsin(wmr + d"k)sinh(d” k)]
(wm2 — dw? + (T2 2 + (=1} L j2dw/ T2)Y?

k=3
Lk

d'2, d3 and d"2, d"3 are respectively real parts and 1magi-
nary parts of d1 and d2. Now, consideration will be focused on
the second term which varies with respect to dw from For-
mula 17. For k=2, 3, the real part and imaginary part of the
phase dk are expressed as 1n the following Formula 18 from
Formula 9 and Formula 15.

Formula 18

dk = d'k + jd" k

(7271 + (-1)*;%]

= tan_l [
W

1+ (=D*(dw/wm) — j(T2wm) ™ }
1+ (=1 "Ydw/wm) — j(T2wm)™

%lﬂg

From Formula 18, when the detuning dw 1s equal to the
angular frequency wm, d"2 and d"3 reach a local maxima.
Furthermore, when d"2 and d"3 reach a maximum, the hyper-
bolic function of Formula 17 also reaches a maximum, and
Me(t) indicating the variation 1n magnetization with respect
to time thus reaches a maximum.

Therefore, when the angular frequency wm of the variation
in Ae(t) comncides with the detuning dw at the angular fre-
quency, the amplitude of the variation 1in magnetization
reaches a maximum.
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The variation 1n Ae(t) results from the measured magnetic
field oscillating at the angular frequency wm, and thus, when
the angular frequency of the measured magnetic field coin-
cides with the detuning dw at the angular frequency, the
variation in the electron spin of the potassium atom reaches a
maximum, and the response of the optical pumping magne-
tometer with respect to the measured magnetic field reaches a
maximum.

Thus far, the effect of the present subject matter has been
described by solving the Bloch equation for spin magnetiza-
tion on the optical pumping magnetometer.

For the Bloch equation, the direction of the static magnetic
field applied 1s considered 1n the rotating coordinate system
rotating at the frequency of the oscillating magnetic field
around the rotation axis.

As perturbation dependent on time, a measured magnetic
field 1s added thereto, which oscillates at the angular fre-
quency wm 1n the same direction as the static magnetic field.

In order to obtain a first-order perturbation solution of the
Bloch equation, which 1s dependent on time, the equation was
expanded with eigenvectors of the interaction matrix, which
are independent of time to examine the behavior of perturba-
tion solution for each eigenvector.

As a result, as expressed by Formula 17 and Formula 18,
the formulas have shown that when the angular frequency wm
ol the measured magnetic field comncides with the angular
frequency dw of the detuning, the amplitude of the magneti-
zation vector reaches a maximum, 1n the perturbation solution
with which magnetization oscillates at the angular frequency
wim corresponding to the eigenvectors 1.2 and L3.

FIG. 5 15 a graph obtained by plotting results calculated for
the response of the optical pumping magnetometer and the
frequency of the measured magnetic field, 1n the case o1 50 Hz
and 100 Hz for the detuming of the oscillating magnetic field,
and no detuning.

While the optical pumping magnetometer achieves the best
response when the frequency of the measured magnetic field
comncides with the detuning as described above, detuning
within the range of £20% with respect to the frequency of the
measured magnetic field 1s preferred from FIG. 5, 1n a fre-
quency region 1n which the response of the magnetometer 1n
the case of detuning 1s improved more than the response in the
case of no detuning.

For example, when the frequency of the measured mag-
netic field 1s 50 Hz, the detuning preferably ranges from 40 Hz
to 60 Hz, and when the frequency 1s 100 Hz, the detuning
preferably ranges from 80 Hz to 120 Hz.

As described above, 1n order to set the detuning within a
predetermined range, 1t 1s possible to set the detuning by
adjusting the static magnetic field or the oscillating magnetic
field.

Specifically, the static magnetic field can be adjusted by
adjusting a value of the current input into the coil 17.

In addition, the oscillating magnetic field can be adjusted
by adjusting the frequency of the current input into the exci-
tation coil 19.

From the foregoing, 1in the case of detecting 100 Hz among,
frequency components of the measured magnetic field, the
frequency of the driving current 1n the signal generator 20 1s
set at 10.1 kHz or 9.9 kHz so that the detuming 1s 100 Hz.

Alternatively, a current may be supplied to the coi1l 17 from
the current source 18 so that Larmor frequency of the electron
spin of potassium atom 1s 9.9 kHz or 10.1 kHz while the
frequency of the driving current 1n the signal generator 20 1s
set at 10 kHz.

In addition, a current may be supplied to the coil 17 from
the current source 18 so that the static magnetic field intensity
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1s 1.41 uT or 1.45 uT while the frequency of the drniving
current 1n the signal generator 20 1s set at 10 kHz.

In addition, 1n the case of detecting 100 Hz among the
frequency components of the measured magnetic field, the
detuning may fall within the range from 80 Hz to 120 Hz.

The frequency of the driving current 1n the signal generator
20 1s set within the range from 10.08 kHz to 10.12 kHz or

from 9.88 kHz to 9.12 kHz.

Alternatively, a current may be supplied to the coil 17 from
the current source 18 so that Larmor frequency of the electron
spin of potassium atom 1s in the range from 10.08 kHz to
10.12 kHz or from 9.88 kHz to 9.92 kHz while the frequency
of the driving current in the signal generator 20 1s set at 10
kHz.

In addition, a current may be supplied to the coil 17 from
the current source 18 so that the static magnetic field intensity
falls 1n the range from 1.440 uT to 1.446 uT or the range from
1.411 uT to 1.417 uT while the frequency of the driving
current 1n the signal generator 20 1s set at 10 kHz.

While the eflfect of the present subject matter has been
described in the case of 50 Hz and 100 Hz for the frequency
of the measured magnetic field 1n the present example
embodiment, the effect 1s not limited to these frequencies.

FIG. 6 1s a graph obtained by plotting results calculated for
the response of the optical pumping magnetometer and the
frequency of the measured magnetic field in the case o1 10 Hz,
20Hz,40 Hz, 50 Hz, 100 Hz, 200 Hz, 400 Hz, 700 Hz and 900
Hz for the detuning of the oscillating magnetic field, and no
detuning. Even when the frequency of the measured magnetic
field 1s 100 Hz or more, 1t 1s possible to improve the response
of the optical pumping magnetometer without detunming by
application of detuning of the same magnitude as the fre-
quency of the measured magnetic field.

In addition, while the oscillating magnetic field of single
frequency has been described by way of example as the mea-
sured magnetic field, the measurement may be performed
through the application of detuning of 50 Hz to a magnetic
field with a power spectrum extending 1n a band from 40 Hz
to 60 Hz.

In addition, magnetic fields of frequencies different from
cach other may be subjected to the measurement 1n such a
way that more than one optical pumping magnetometer as
described above 1s provided so that respective detuning 1n the
optical pumping magnetometers differs from each other
within a predetermined range with respect to the measured
magnetic field.

In addition, while the optical pumping magnetometer has
been described above, the principle described above can be
used to achieve the following magnetic sensing method
which makes 1t possible to improve the response of the mag-
netometer and make highly sensitive measurements of mag-
netic signals.

Namely, the magnetic sensing method can be achieved
which includes: carrying out circularly polarized optical
pumping for producing a cell containing an alkali metal
atoms and spin polarization of the alkali metal atoms 1n the
cell; reading spin of the alkali metal atoms; applying a static
magnetic field to the alkali metal atoms; applying an oscillat-
ing magnetic field for causing a rotational motion of the spin
of the alkali metal atoms around the static magnetic field;
detecting information including a phase difference between
an output signal obtained in reading the spin of the alkali
metal atoms and an input signal for generating the oscillating,
magnetic field i the oscillating magnetic field application;
and setting detuning as a difference between Larmor fre-
quency determined from the static magnetic field and a fre-
quency of a driving current input 1mnto a coil to which the
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oscillating magnetic field 1s applied, within a predetermined
range with respect to a measured magnetic field by adjusting

the static magnetic field or the oscillating magnetic field, so as
to improve responsiveness ol the optical pumping magnetom-
cter, where the detuning indicates.

In that regard, the magnetic sensing method described
above can be programmed, or this program can be stored on a
computer-readable storage medium to cause a computer to
execute the program.

Example Embodiment 2

As example embodiment 2, a configuration example of
applying an optical pumping magnetometer according to the
present subject matter to a biomagnetic measurement will be
described with the reference to FIG. 7.

In the biomagnetic measurement according to the present
example embodiment, as shown 1n FIG. 7, a weak magnetic
field generated by brain activity or the like from a head 251 of
a subject 1s measured with a magnetic sensor unit 211 and a
magnetic sensor unit 212. The magnetic sensor unit 211 and
the magnetic sensor unit 212 as well as the subject are placed
in a magnetic shield 231 for shielding against geomagnetism
and magnetic fields in external environments.

A sensor electric unit 221 1s connected with an optical fiber
or cable via an opening provided in the magnetic shueld 231 to
the magnetic sensor unit 211.

In addition, a signal generator 201 that generates a driving,
current for applying an oscillating magnetic field 1s connected
to the sensor electric unit 221.

Likewise, a sensor electric unit 222 1s connected to the
magnetic sensor unit 212, and a signal generator 202 1s con-
nected to the sensor electric unit 222.

The outputs from the sensor electric unit 221 and sensor
clectric umt 222 are fed into a personal computer 24 via an
AD converter, and output as magnetic measurement results.

Next, the configuration of the sensor electric unit 221 and
magnetic sensor unit 211 will be described. The principle for
detecting a weak magnetic field here 1s the same as 1n example
embodiment 1.

FIG. 8 shows a relation of connection between the sensor
clectric unit 221 and the magnetic sensor unit 211.

It 15 to be noted that the relation of connection between the
sensor electric unit 222 and the magnetic sensor unit 212 1s
also shown 1n a similar fashion.

Pump laser light output from an optical pumping laser light
source 1 enters the magnetic sensor unit 211 via a 4 wave-
length plate 3, a lens 51, and an optical fiber 61.

A probe laser light source 2 makes light incident on the
magnetic sensor unit 211 via a 2 wavelength plate 4, a lens
52, and an optical fiber 62.

A current source 18 1s connected to a coil 17, and applies a
uniform static magnetic field intensity of 1.429 uT so that
Larmor frequency of the electron spin of the potassium atom
1s 10 kHz.

It 1s to be noted that the magnetic sensor unit 211 and the
sensor electric unit 221 detect a component in the direction of
the static magnetic field applied by the co1l 17, among a weak
magnetic field generated in the head 251 of the subject.

An excitation coil 19 applies an oscillating magnetic field
with a driving current supplied from the signal generator 201.

Probe laser light emitted from the magnetic sensor unit 211
1s partially, via an optical fiber 101, converted to an electrical
signal 1n a photo-detector 111.

In addition, probe laser light emitted from the magnetic
sensor unit 212 1s partially, via an optical fiber 102, converted
to an electrical signal 1n a photo-detector 112.
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The electrical signals from the photo-detector 111 and
photo-detector 112 are input 1into a phase detector 23 via a
differential amplifier 13.

In addition, the driving current from the signal generator
201 1s partially input 1nto the phase detector 23, and an elec-
trical signal proportional to the phase difference from the
output of the differential amplifier 13 1s output as the output of
the sensor electric unit 221 to the personal computer 24 in
FIG. 7.

FI1G. 9 shows the configuration of the magnetic sensor unit
211. It 1s to be noted that the configuration of the magnetic
sensor unit 212 1s also shown 1n a similar fashion.

A glass cell 22 1s housed 1n an oven 21, and heated to on the
order of approximately 100° C. by a heater 15 connected to a
current source 16 1n FIG. 8.

The glass cell 22 1s wrradiated with pump laser light via a
lens 71. Probe laser light1s, via a lens 72, reflected by a mirror
25, passed through the glass cell 22, reflected by a mirror 26
to enter a polarizing beam splitter 8.

P-wave polarized light of the probe laser light 1s transmut-
ted by the polanizing beam splitter 8, and coupled to the
optical fiber 101 via a lens 91. In addition, S-wave polarized
light retlected by the polarizing beam splitter 1s reflected by a
mirror 27, and coupled to the optical fiber 102 via a lens 92.

It 1s to be noted that the oven 21, the glass cell 22, the heater
15, the lens 71, the lens 72, the polarizing beam splitter 8, the
lens 91, the lens 92, the mirror 25, the mirror 26, and mirror 27
are fixed on a base 14, and further adapted so that the optical
axes of the probe laser light and pump laser light are not
shifted with the movement or conveyance of the magnetic
sensor unit 211.

The driving current from the signal generator 201 con-
nected to the sensor electric unit 221 1s 10 kHz, which coin-
cides with the Larmor frequency of the electron spin of the
potassium atom in the glass cell 22.

In addition, the driving current from the signal generator
202 connected to the sensor electric unit 222 1s made 10.03
kHz. Namely, the Larmor frequency detuning with respect to
the oscillating magnetic field 1s zero 1n the magnetic sensor
unit 211, whereas the detuning 1s 30 Hz 1n the magnetic
sensor unit 212. FIG. 10 shows the relation between the
responses of the magnetometers 1n the magnetic sensor unit
211 and magnetic sensor unit 212 and the frequency of the
weak magnetic field 1n this case.

It 1s to be noted that the transverse relaxation time 1s 11.9
ms. Only with the magnetic sensor unit 211, the response with
respect to a frequency of 25 Hz or more 1s decreased down to
not more than half the response at a lower frequency (10 Hz).

However, the weak magnetic field can be measured with
the response not less than half the response at a lower ire-
quency (10 Hz) up to the frequency o1 40 Hz, by simultaneous
measurements in such a way that the magnetic sensor unit 211
1s used 1n a frequency band with a frequency component of
less than 25 Hz 1n the weak magnetic field generated from the
head 251 of the subject, whereas the magnetic sensor unit 212
1s used 1n a frequency band with a frequency component of 25
Hz or more 1n the weak magnetic field.

The output from the magnetic sensor unit 211 and the
sensor electric unit 221 and the output from the magnetic

sensor unmit 212 and the sensor electric unit 222 are subjected
to a fast Fourier transform (FFT) frequency analysis 1n the
personal computer 24.

Then, the output from the sensor electric unit 221 1n the
case of the frequency component of less than 25 Hz, or from
the sensor electric unit 222 1n the case of the frequency
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component of 25 Hz or more 1s output as the measurement
results of the weak magnetic field generated from the head

251 of the subject.

While the two magnetic sensor units which differ in Lar-
mor frequency detuning with respect to the oscillating mag-
netic field are used in the present example embodiment,
embodiments are not limited thereto, but three or more mag-
netic sensor units may be used.

According to the present subject matter, an optical pump-
ing magnetometer and a magnetic sensing method can be
achieved which make 1t possible to improve the response of
the magnetometer with respect to a magnetic field that varies
with a period shorter than the transverse relaxation time of
clectron spin of an alkali metal atom and make highly sensi-
tive measurements ol magnetic signals when the magnetic
field 1s measured with variation in Larmor frequency.

While the present subject matter has been described with
reference to example embodiments, 1t is to be understood that
the subject matter claimed herein 1s not limited to the dis-
closed example embodiments. The scope of the following
claims 1s to be accorded the broadest interpretation so as to
encompass all such modifications and equivalent structures
and functions.

This application claims the benefit of Japanese Patent

Application No. 2013-092130, filed Apr. 25, 2013, which 1s
hereby incorporated by reference herein in 1ts entirety.

What 1s claimed 1s:

1. An optical pumping magnetometer for measuring a mag-
netic field with variation 1 Larmor frequency, the optical
pumping magnetometer comprising;:

a unit configured to irradiate a cell with circularly polarized
pumping light, to produce the cell containing an alkali
metal atoms and spin polarization of the alkali metal
atoms 1n the cell;

a unit configured to emit linearly polarized probe light for
reading spin of the alkali metal atoms;

a probe light detection system configured to detect a rota-
tional displacement of a plane of polarization of the
linearly polarized probe light;

a static magnetic field application coil configured to apply
a static magnetic field to the alkali metal atoms;

an oscillating magnetic field application coil configured to
apply an oscillating magnetic field for causing a rota-
tional motion around the spin of the alkali metal atoms;
and

a umt configured to detect information including a phase
difference between an output signal from the probe light
detection system and a driving current mput nto the
oscillating magnetic field application coil,

wherein detuning as a difference between Larmor fre-
quency determined from the static magnetic field and a
frequency of the driving current input into the oscillating,
magnetic field application coil 1s configured to be set
within a predetermined range with respect to a measured
magnetic field by adjusting the static magnetic field or
the oscillating magnetic field, so as to improve response
of the optical pumping magnetometer.

2. The optical pumping magnetometer according to claim

1, wherein the static magnetic field 1s adjusted by adjusting a
value of a current input 1nto the static magnetic field applica-
tion coil.

3. The optical pumping magnetometer according to claim
1, wherein the oscillating magnetic field 1s adjusted by adjust-
ing a frequency of a current input into the oscillating magnetic
field application coil.
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4. The optical pumping magnetometer according to claim
1, wherein the detuning 1s set within a range of +20% with
respect to the measured magnetic field.

5. The optical pumping magnetometer according to claim
1, wherein the period of the varying measured magnetic field
1s shorter than transverse relaxation time of electron spin of an
alkal1 metal atom.

6. The optical pumping magnetometer according to claim
5, wherein the varying measured magnetic field 1s a weak
magnetic field generated from a head of a subject.

7. An optical pumping magnetometer comprising more
than one optical pumping magnetometer according to claim
1, wherein respective detuning 1n the optical pumping mag-
netometers with respect to the measured magnetic field dif-
ters from each other within a predetermined range.

8. A magnetic sensing method for measuring a magnetic
field with vanation 1n Larmor frequency, the method com-
prising;:

carrying out circularly polarized optical pumping for pro-

ducing a cell containing an alkali metal atoms and spin
polarization of the alkali metal atoms 1n the cell;
reading spin of the alkali metal atoms;

applying a static magnetic field to the alkali metal atoms;

applying an oscillating magnetic field for causing a rota-

tional motion of the spin of the alkali metal atoms around
the static magnetic field;

detecting 1nformation including a phase difference

between an output signal obtained 1n the step of reading
the spin of the alkali metal atoms and an 1nput signal for
generating the oscillating magnetic field in the step of
applying oscillating magnetic field; and
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setting detuning as a difference between Larmor frequency
determined from the static magnetic field and a fre-
quency of a driving current input into a coil to which the
oscillating magnetic field 1s applied, within a predeter-
mined range with respect to a measured magnetic field
by adjusting the static magnetic field or the oscillating
magnetic field, so as to improve response of the optical
pumping magnetometer.

9. The magnetic sensing method according to claim 8,
wherein the static magnetic field 1s adjusted by adjusting a
value of a current input 1nto the static magnetic field applica-
tion coil.

10. The magnetic sensing method according to claim 8,
wherein the oscillating magnetic field 1s adjusted by adjusting
a Trequency of a current mput into the oscillating magnetic
field application coil.

11. The magnetic sensing method according to claim 8,
wherein the detuning 1s set within a range of +20% with
respect to the measured magnetic field.

12. The magnetic sensing method according to claim 8,
wherein the measured magnetic field 1s a magnetic field vary-
ing with a period shorter than transverse relaxation time of
clectron spin of an alkali metal atom.

13. The magnetic sensing method according to claim 12,
wherein the magnetic field varying with the shorter period 1s
a weak magnetic field generated from a head of a subject.

14. A non-transitory computer storage medium storing
thereon a program configured to cause a computer to execute
the magnetic sensing method according to claim 8.
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